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Chlamydia trachomatis possesses a cryptic 7.5-kb plasmid of unknown function. Here, we describe a com-
prehensive molecular and biological characterization of the naturally occurring plasmidless human C. tracho-
matis strain L2(25667R). We found that despite minimal chromosomal polymorphisms, the LGV strain
L2(25667R) was indistinguishable from plasmid-positive strain L2(434) with regard to its in vitro infectivity
characteristics such as growth kinetics, plaquing efficiency, and plaque size. The only in vitro phenotypic
differences between 1.2(434) and L2(25667R) were the accumulation of glycogen granules in the inclusion
matrix and the lack of the typical intrainclusion Brownian-like movement characteristic of C. trachomatis
strains. Conversely, we observed a marked difference between the two strains in their abilities to colonize and
infect the female mouse genital tract. The 50% infective dose of plasmidless strain L2(25667R) was 400-fold
greater (4 X 10° inclusion-forming units [IFU]) than that of plasmid-bearing strain L2(434) (1 x 10* IFU).
Transcriptome analysis of the two strains demonstrated a decrease in the transcript levels of a subset of
chromosomal genes for strain L2(25667R). Among those genes was glg4, encoding glycogen synthase, a finding
consistent with the failure of L2(25667R) to accumulate glycogen granules. These findings support a primary
role for the plasmid in in vivo infectivity and suggest that virulence is controlled, at least in part, by the
plasmid’s ability to regulate the expression of chromosomal genes. Our findings have important implications

in understanding a role for the plasmid in the pathogenesis of human infection and disease.

The 15 serovars of Chlamydia trachomatis are divided into
two distinct disease-causing pathobiotypes: trachoma and lym-
phogranuloma venereum (LGV) (46). Trachoma serovars are
noninvasive and epitheliotropic and are further subdivided by
disease outcome: blinding trachoma (serovars A to C) or non-
disseminating sexually transmitted disease (serovars D to K)
(18, 46). LGV serovars (L1, L2, and L3) are also sexually
transmitted but are invasive, resulting in a disseminating infec-
tion of regional draining lymph nodes (47). All strains go
through a similar but unique biphasic developmental cycle (29)
starting with the metabolically inactive infectious elementary
body (EB) that attaches to and enters host cells by phagocy-
tosis (7). Within the EB-laden phagosome, termed the chla-
mydial inclusion, the EB differentiates into the noninfectious
metabolically active reticulate body (RB). The RB multiply by
binary fission and then redifferentiate back into infectious EB.
Following cell lysis, or exclusion of the inclusion from viable
cells (56), EB are released into the extracellular environment,
where they reinitiate the infectious cycle.

A fundamental ambiguity of C. trachomatis biology is the
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association of a cryptic 7.5-kb plasmid of unknown function
(33). The strong selection to maintain the plasmid by human
chlamydial strains implies its importance in the pathogenesis of
human infection or disease (13, 33). All plasmid-borne genes
are transcribed (42, 43), and at least one protein (pgp3) was
shown to be expressed (12). Plasmidless variants originating
from laboratory strains (25) and naturally occurring clinical
isolates (2, 16, 24, 35, 52) have been identified and partially
characterized. No significant differences in antibiotic sensitivity
between isogenic plasmid-containing strains and plasmid-lack-
ing strains were found (27, 28). A single and consistent phe-
notype identified for all C. trachomatis plasmidless isolates is
their inability to accumulate glycogen in the inclusion (25).
Neither the molecular basis for this association nor its poten-
tial role in the pathogenesis of human infection or disease is
known.

All chlamydial species sequenced to date have the same
complement of genes involved in glycogen metabolism, and all
genes are chromosomally localized (3, 10, 20, 36, 39, 40, 50, 51,
54, 55). Fructose-6-phosphate is converted to glucose-1-phos-
phate through glucose-6-phosphate isomerase (pgi) and phos-
phoglucomutase (mrsA_1). Glucose-1-phosphate is then con-
verted to ADP-glucose, the building block for glycogen
synthesis, a reaction carried out by the gene product of glgC.
Glycogen synthase (glg4) converts ADP-glucose to the linear
glucose polymer (a-1,4-polyglucosyl chain), while the branch-
ing enzyme encoded by glgB forms the branched a-1,4-a-1,6-
glucan polysaccharide (i.e., glycogen). Finally, the gene products
of glgX (debranching enzyme) and gigP (glycogen phosphorylase)
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are responsible for glycogen catabolism. Interestingly, while all
chlamydial species have the ability to synthesize glycogen, only
C. trachomatis and Chlamydia muridarum have been shown to
accumulate glycogen in the inclusion (17). In C. trachomatis,
this difference in the ability to accumulate glycogen does not
appear to be the result of differential expression levels of the
glycogen metabolic genes (19). However, similar studies have
not been conducted on plasmid-free variants.

C. muridarum (MoPn) is a mouse pathogen that shares a
significant degree of genomic synteny, sequence identity, and
biology with C. trachomatis (39). MoPn also possesses a related
7.5-kb cryptic plasmid that shares 80% nucleotide sequence
identity to the C. trachomatis plasmid (39). Like C. trachomatis,
MoPn inclusions stain positive for glycogen (31). The genetic
relatedness, shared biology, conservation of a cryptic plasmid,
and availability of a MoPn small-animal model whose infection
characteristics closely mimic those of human infection make
this strain very attractive for characterizing a role for the cryp-
tic plasmid in pathogenesis. To that end, O’Connell and Nicks
(31) successfully cured MoPn of its cryptic plasmid by novo-
biocin treatment. The MoPn plasmid-free strain did not stain
positive for glycogen and grew in cell culture with kinetics
similar to those of wild-type MoPn but, importantly, did pro-
duce much smaller plaques than did plasmid-positive organ-
isms (31). Interestingly, although the plasmid-negative strain
was as infectious for mice as the plasmid-positive strain, it
failed to elicit upper genital tract pathology despite compara-
ble infectious loads in these tissues (30). This rather unusual
finding has significant implications in defining a functional role
for the plasmid in vivo, as it implicates a unique interaction
with innate immunity mediators that might drive damaging
inflammatory responses. However, the MoPn strain is not a
human pathogen, and there was no description of the genetic
relatedness between the novobiocin plasmid-cured and parental
plasmid-positive strains. Thus, it remains unclear how the MoPn
findings relate to the biology and pathogenesis of the naturally
occurring plasmid-free human strains and the human host. We
therefore believed that it was important to conduct a similar
biological characterization of a naturally occurring C. trachomatis
plasmidless strain whose complete genetic makeup was known.

Here, we describe a comprehensive biological, pathogenic,
and genetic characterization of plasmid-bearing strain L2
(434) and the naturally occurring plasmidless LGV strain
L2(25667R) (35) with the goal of understanding the role of the
cryptic plasmid in C. trachomatis pathogenesis. We present
evidence showing that these two strains exhibit similar in vitro
virulence characteristics but differ markedly in their in vivo
virulence properties. Interestingly, this distinction in virulence
was not associated with significant chromosomal changes but
was associated with differential transcript levels of specific
chromosomal genes. These findings imply an important role
for the cryptic plasmid in the pathogenesis of C. trachomatis
infection of humans.

MATERIALS AND METHODS

Chlamydiae. C. trachomatis reference strain L2(434) (L2/LGV-434/Bu) and
L2(25667R) (35) EB were purified from infected HeLa 229 cells by density
gradient centrifugation, aliquoted, and stored at —80°C as previously described
(8). Strain L2(25667R) was originally isolated by Schachter and Osoba (49) and
kindly provided by Luis de la Maza (University of California, Irvine, CA).

INFECT. IMMUN.

One-step growth curves. Mouse McCoy cells were aliquoted in 24-well (2.5 X
10° cells/well) flat-bottomed tissue culture-treated plates (Corning, Inc., Corning,
NY) and inoculated with L.2(434) or L2(25667R) cells suspended in a 0.2-ml
solution containing 10 mM phosphate, 250 mM sucrose, and 5 mM glutamic acid
(pH 7.2) at a multiplicity of infection (MOI) of 0.5. The plates were centrifuged
for 1 h at 550 X g and rocked at 37°C for 30 min. The inoculum was removed, and
monolayers were washed with Hanks balanced salt solution; fed with 1 ml of
Dulbecco’s modified Eagle’s medium (Mediatech, Inc., Herndon, VA) contain-
ing 4.5 mg/ml glucose, 2 mM L-glutamine, 1 mM HEPES, 1 mM sodium pyruvate,
0.055 mM B-mercaptoethanol, 10% fetal bovine serum, 10 pg/ml gentamicin,
and 1 pg/ml cycloheximide (DMEM10); and incubated at 37°C in an atmosphere
of 95% air and 5% CO,. At 6, 12, 24, 28, 32, 36, 40, and 48 h postinfection (p.i.),
infected cells were harvested in a 0.2-ml solution containing 10 mM phosphate,
250 mM sucrose, and 5 mM glutamic acid and mechanically disrupted by soni-
cation, and recoverable inclusion-forming units (IFU) were counted (45).

Plating efficiency. L2(434) and L2(25667R) cells were grown in 24-well McCoy
monolayers as described above. Replicate plates were centrifuged for 1 h at room
temperature, followed by rocking for 30 min at 37°C, or were rocked without
centrifugation for 30 min. Infected monolayers were then fed with DMEM10
with or without cycloheximide (1 pg/ml). The monolayers were fixed with meth-
anol 24 h p.., and IFU were enumerated. Each experiment was conducted in
duplicate.

Plaquing efficiency. 1.2(434) and L2(25667R) were evaluated for their rates of
plaque formation and plaque sizes by infecting six-well McCoy monolayers as
described previously by Matsumoto et al. (25). Monolayers were stained with
neutral red at 5,7, 9, 11, and 13 days p.i. and examined for plaques. Plaques from
each strain at the various times p.i. were enumerated and comparatively evalu-
ated for morphology and size.

Glycogen staining. Monolayers of McCoy cells grown in 24-well plates were
infected with L2(434) and L2(25667R) at an MOI of 0.3. Infected cultures were
incubated at 37°C for 40 h, the growth media were removed, and the monolayers
were allowed to completely air dry at room temperature. Monolayers were then
fixed in absolute methanol for 10 min and sequentially stained by indirect im-
munofluorescence (indirect immunofluorescence assay [IFA]) or iodine (48).
IFA staining was done using monoclonal antibody L.2-145 (anti-L2 major outer
membrane protein [MOMP]) or monoclonal antibody EV1-H1 (anti-lipopo-
lysaccharide [LPS]), followed by Alexa Fluor 488-labeled goat anti-mouse im-
munoglobulin G secondary antibody (Invitrogen, Carlsbad, CA) as previously
described (34).

Microscopy and live-cell imaging. For phase-contrast microscopy and live-cell
imaging, subconfluent monolayers of McCoy cells in 35-mm glass-bottom culture
dishes containing size #0 cover glasses (MatTek Corp., Ashland, MA) were
infected with L2(434) or L2(25667R) cells at an MOI of 0.1 by rocking for 2 h at
37°C. Infected monolayers were fed with 3 ml of DMEM10 containing 1 pg/ml
cycloheximide and incubated for 40 h at 37°C in an atmosphere of 95% air-5%
CO,. Digital time-lapse videos of infected cells were obtained using a Nikon
TE-2000 E (Nikon Instruments, Inc., Melville, NY) inverted microscope
equipped with a CoolSNAP HQ digital camera (Roper Scientific, Tucson, AZ)
and Metamorph software (Universal Imaging, Downington, PA). Phase-contrast
images at a magnification of 1,000 were collected at 0.5-s intervals. Resulting
image stacks were processed using ImageJ software (written by Wayne Rasband
at the National Institutes of Health and available by anonymous FTP [http://rsb
.info.nih.gov/ij/]) and converted into QuickTime movies (Apple Computer, Inc.,
Cupertino, CA). Infected McCoy cells grown on 13-mm Thermonox plastic
coverslips were fixed and processed for transmission electron microscopy (TEM)
as described previously by Kennedy et al. (22). Silver proteinate staining was
done as described previously by Chiappino et al. (11).

In vivo infectivity. Female C3H/HeJ mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME). Groups of six mice each were inoculated vaginally
with 5-pl aliquots of 10-fold serial dilutions of 12(434) or L2(25667R) EB
ranging from 1 X 10" to 1 X 107 IFU. Mice were injected with medroxyproges-
terone acetate 10 and 3 days prior to infection as previously described (34).
Vaginal swabs were taken at 3, 7, 14, 21, and 28 days postinoculation and
cultured on monolayers of McCoy cells, and recoverable IFU were determined
as described previously (34). The 50% infective dose (IDs() of each strain was
calculated as described previously by Reed and Muench (41).

Genomic DNA sequence analysis. Genomic DNA was purified for sequencing
as previously described (10). Ten micrograms of genomic DNA was subjected to
genomic mutation mapping and resequencing (Nimblegen Systems, Inc.) as pre-
viously described (21).

PCR and nucleic acid purification for quantitative analysis. Chlamydial
genomic DNA for PCR amplification was isolated as previously described (9).
Plasmid-specific PCR primers (35) were used to detect plasmid DNA in L.2(434)
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TABLE 1. Single-nucleotide polymorphisms identified in
L2(25667R) versus 1.2(434)"

nt aa Predicted

ORF mutation substitution function
CTL0043 C>T P54L gspD yscC
CTLO0314 C>A A92S Unknown
CTLO0885/CTL0886 C>T Intergenic Unknown

“ nt, nucleotide; aa, amino acid.

and L2(25667R) cultures through the use of the Expand High Fidelity PCR
system (Roche Applied Science, Indianapolis, IN). For quantitative reverse tran-
scription-PCR (qRT-PCR), TRIzol (Invitrogen)-extracted RNA was isolated
from replicate monolayers of L2(434)- and L2(25667R)-infected cells (MOI of 1)
grown on six-well flat-bottom plates (Costar; Corning Inc.) for 8, 12, 16, 24, 32,
and 40 h p.i. Total DNA was similarly isolated from biological replicate cultures
using an UltraClean microbial DNA isolation kit (Mo Bio Laboratories, Carls-
bad, CA). Quantitative PCR was conducted on the purified genomic DNA using
an rpoB-specific primer and probe set, and DNA concentrations were converted
to copy numbers using the molecular mass of the bacterial genome (51). The
primer and probe sequences are listed in Table S1 in the supplemental material.
All quantitative amplifications were conducted as described below.

Microarray. Eighteen T75 flasks containing McCoy cells (4 X 107 cells) were
divided into three groups (six each) and infected with L.2(434) or L2(25667R)
(MOI of 1) or mock infected and grown for 24 h at 37°C with 5% CO,. The
medium was removed by aspiration, and 5 ml of RLT Plus buffer (Allprep
96-well kit; Qiagen, Valencia, CA) was added to each flask in randomized order.
Both DNA and RNA were simultaneously extracted from all 18 samples using
the Allprep 96-well kit (Qiagen) according to the manufacturer’s specifications.
Contaminating DNA was removed from all RNA samples as described previ-
ously (59). RNA samples were converted to cDNA, biotinylated, and hybridized
to gene chip arrays as described previously (15, 59).

Affymetrix GeneChip array. The custom array was designed using open read-
ing frames (ORF) of C. trachomatis A/HAR-13 (10), with the L.2(434) ORF (as
annotated by Integrated Genomics, Chicago, IL) (97% or less DNA sequence
identity against A/HAR-13 ORF) (54) included. The Affymetrix GeneChip
RMLChip 3a (Gene Expression Omnibus accession number GPLA4692), contains
97.8% coverage of the genome from L12(434) (938 probe sets of 959 ORF),
resulting in a total of 9,506 perfectly matched probes.

Microarray data analysis. Affymetrix (Santa Clara, CA) GeneChip operating
software, version 1.4, was used to perform the preliminary analysis. All *.CEL
files were scaled to a trimmed mean of 500 using a scale mask for the L2 probe
sets in order to create the *.CHP files. A pivot table from the *.CHP files was
used to perform hierarchical clustering using a Pearson correlation similarity
measure with average linkage and GeneSpring GX software, version 7.3 (data
not shown). Quantile normalized values were subjected to a principal-compo-
nent analysis (Partek Inc., St. Louis, MO). The false discovery rate (FDR) was
determined for the P values in order to correct for multiple testing. Analysis of
variance (ANOVA) (Partek Inc.) was determined for treatment [L2(25667R)
versus L.2(434) as a categorical factor]. ANOVA P values were filtered using the
FDR cutoff of 0.0133. Gene lists were generated as described previously (23, 32).
To be included in the final gene list, values were analyzed by ANOVA, signifi-
cance analysis of microarrays (FDR of =0.29%) (57), a Student’s ¢ test (P value
of =0.05), signal above background, and call consistency of =90%, and a twofold
or higher minimum threshold filter was applied.

qRT-PCR validation of microarray data. QqRT-PCR validation of GeneChip
results was performed as described previously (59). RNA and genomic DNA
were extracted from the same samples used for the microarray studies. mRNA
signals were normalized to genomic DNA signals using the comparative thresh-
old cycle method described previously (59). The primer and probe sequences for
the target transcripts are listed in Table S1 in the supplemental material.

Microarray data accession number. Microarray data were submitted to the
Gene Expression Omnibus database (www.ncbi.nim.nih.gov/geo) under acces-
sion number GSE10199.

RESULTS

Genomic sequencing of L2(25667R). PCR analysis on strain
L2(25667R) resulted in no plasmid-specific products (data not
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shown), consistent with the findings previously described by
Peterson et al. (35). The L2(25667R) genome was then se-
quenced using the microarray-based comparative genome se-
quencing strategy (1). This comparison revealed a surprisingly
limited number of genomic differences between L2(25667R)
and L2(434) (Table 1). Genomic changes in L2(25667R) were
restricted to three single-nucleotide polymorphisms, two of
which were found within ORF (CTL0043 and CTL0314), with
the third located in an intergenic region upstream of ORF
CTLO0885 (Table 1). The two amino acid substitutions identi-
fied are relatively conservative and unlikely to alter protein
function. This comparative sequence analysis of the two strains
is essential for the in vitro and in vivo characterization studies
that follow, as it ensures with a high level of confidence that the
phenotypic differences between the strains can be ascribed to
the presence or absence of the plasmid.

In vitro infectivity comparisons between 1.2(434) and
L2(25667R). There have been no biological or genetic studies
performed on plasmid-free strain L2(25667R) that would yield
information regarding the role of the plasmid in the pathogen-
esis of human infection and disease. We believe these studies
to be important, and we therefore undertook a detailed com-
parative characterization of strains L.2(434) and L2(25667R).
We first performed one-step growth curves, assayed plaque-
forming kinetics and size, as well as studied the effects of
centrifugation and inhibition of host protein synthesis on plat-
ing efficiencies of the organisms. The two strains were virtually
indistinguishable from one another in every aspect of this com-
parative analysis. The strains grew at nearly identical rates
following infection of McCoy cells (Fig. 1). We found no dif-
ferences between the strains in their plaquing kinetics or
plaque sizes (Fig. 2). Both strains generated visible plaques at
day 7 p.i., and the plaque sizes of each strain were identical,
ranging in diameter from 0.15 to 0.20 mm. Moreover, we ob-
served no differences in the plating efficiencies between
L.2(434) and L2(25667R) when infections were performed with
or without centrifugation of the inocula onto cell monolayers
or when propagated in the presence or absence of the eukary-
otic protein synthesis inhibitor cycloheximide (Table 2).

Glycogen accumulation differs between 1.2(434) and L2
(25667R) inclusions. Matsumoto et al. (25) previously reported
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FIG. 1. L2(434) and L2(25667R) exhibit similar growth kinetics.
One-step growth curves were conducted in McCoy cells infected with
L.2(434) or L2(25667R) at an MOI of 0.5, and recoverable IFU were
determined at various times p.i. Each time point represents mean
recoverable IFU from duplicate cell cultures.
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that inclusions of C. trachomatis plasmidless variants were gly-
cogen negative, as they failed to stain with iodine and lacked
the intrainclusion electron-dense granules that Chiappino et al.
(11) previously identified as being glycogen by silver proteinate
staining. We therefore tested whether inclusions of L2(25667R)
were devoid of glycogen. L.2(434)- and L2(25667R)-infected Mc-
Coy cells were stained by IFA or with iodine. Inclusions of both
strains stained positive by IFA (Fig. 3A and A’), but only inclu-
sions of strain 1.2(434) stained with iodine (Fig. 3B and B’). We
next examined these strains by TEM using fixation and poststain-
ing methods capable of detecting glycogen granules. As shown in

INFECT. IMMUN.

L2 (25667R)

. 1 =
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FIG. 2. L2(434) and L2(25667R) have similar plaque morphologies. McCoy cells grown in six-well plates were infected with L2(434) or

L2(25667R) at approximately 200 IFU/well and neutral red stained for plaques at day 7. (A) Photograph of plaques taken from single wells of a
six-well plate. (B) Macroscopic images of L2(434) and L2(25667R) plaques. (C) Microscopic images of L2(434) and L2(25667R) plaques.

Fig. 4, L2(434) inclusions contained electron-dense particles (Fig.
4A) that stained intensely with silver proteinate (Fig. 4B). In
contrast, the L2(25667R) inclusions lacked the electron-dense
granules (Fig. 4A’). The predominance of the silver proteinate
staining granules in the inclusion lumen of strain 1.2(434) is shown
in Fig. 4C. These granules were absent in the inclusions of strain
L2(25667R) (Fig. 4B’) but were occasionally detected in individ-
ual developmental forms (Fig. 4C’). These results are in agree-
ment with data from the biochemical assays described previously
by Matsumoto et al. (25), which demonstrated that the inclusions
of a plasmidless isolate are not completely devoid of glycogen but
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TABLE 2. Plasmid loss does not impair plating efficiency of
C. trachomatis®

Plating efficiency (IFU)

With centrifugation Without centrifugation

Strain Expt
With Without With Without
cycloheximide cycloheximide cycloheximide cycloheximide
L2 (434) 1 3.76 X 10 3.55 x 10 4.16 X 10° 3.73 X 10°
2 349 x 10" 3.65 x 10" 4.68 X 10° 4.56 x 10°
L2 (25667R) 1 4.20 x 10° 3.20 x 10° 3.49 x 10° 2.87 % 10°
2 3.66 X 10° 3.16 x 10° 223 x 10° 1.93 x 108

“The inocula for the strains were not standardized to contain the same IFU
titers. The starting infectious load for the two strains differed by ~10-fold.

contain dramatically reduced levels compared to those of its pa-
rental (plasmid-positive) strain.

L2(25667R) exhibits distinct late-infection morphological
features. With the exception of glycogen accumulation, the
only other distinguishing feature that we observed between
strains L2(434) and L2(25667R) was in inclusion morphogen-
esis and activity. Phase microscopy of cells at 40 h p.i. showed
a marked difference in inclusion morphogenesis between the
two strains (Fig. 5C and C’). The chlamydiae within 1.2(434)
inclusions exhibited the characteristic C. trachomatis Brown-
ian-like motility (see Video S1 in the supplemental material),
and cell density was uniform throughout the inclusion (Fig.
5C). In contrast, L2(25667R) inclusions were morphologically
unique, exhibiting little chlamydial intravacuolar motility (see
Video S2 in the supplemental material). The inactive
L2(25667R) inclusion contents exhibited a central dense amor-
phous structure surrounded by empty space that appeared to
be devoid of organisms (Fig. 5C’). These structural features
were not as apparent following IFA staining of the inclusions

L2 (434)

L2 (25667R)

FIG. 3. L2(434) but not L2(25667R) inclusions stain positive for
glycogen. McCoy cells were infected with L.2(434) or L2(25667R) at an
MOI of 0.3, fixed at 40 h p.i., and stained for MOMP. The same wells
were subsequently stained for glycogen using the iodine staining tech-
nique. White arrows in the top panels indicate MOMP staining of
individual inclusions of L.2(434) (A) and L2(25667R) (A'"), while black
arrows in the bottom panels (B and B’) identify the same inclusions
stained with iodine.
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L2 (434) L2 25667R)

FIG. 4. Glycogen locallzes to the lumen of mature L2(434) inclu-
sions. Thin sections of L2(434) and L2(25667R) inclusions at 40 h p.i.
are shown. (A and A’") Electron-dense extracellular material is present
in the L2(434) (A) inclusion but not the L2(25667R) (A') inclusion. (B
and B’) Silver proteinate staining confirms that the electron-dense
staining present in the L.2(434) inclusion lumen (B) is glycogen, which
is absent in the L2(25667R) inclusion (B"). (C and C’) Localization of
silver on extracellular material by silver proteinate staining (arrows)
indicates the presence of glycogen only in the lumen of the L2(434)
(C) and not the L2(25667R) (C') inclusions.

with anti-MOMP (Fig. 5A and A’) or LPS (Fig. 5B and B’)
antibodies, but L2(25667R) inclusions tended to be smaller
and stained less uniformly than those of the 1.2(434) strain.
These marked morphological features of the inclusion contents
did not change the infectious yield of strain L2(25667R) (Fig.
1). Moreover, TEM ultrastructural analysis of strain
L2(25667R) showed typical developmental EB and RB forms
similar to those found in strain L2(434) (Fig. 4). The inability
of L2(25667R) inclusions to accumulate glycogen late in the
infection was the only biological correlate of this atypical in-
clusion morphology.

Determination of the ID;, values of L2(434) and L2(25667R)
for the female mouse genital tract. Female C3H/HeJ mice (six
per group) were inoculated intravaginally with 10', 10% 10°,
10%, 10%, 10°, or 107 IFU of 1.2(434) or L2(25667R). Infection
was determined by culturing chlamydiae from cervicovaginal
swabs on monolayers of McCoy cells at different times postin-
fection (Table 3). The IDs, for each strain was determined
from the day 3 culture groups that had been intravaginally
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L2 (25667R)
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FIG. 5. Mature 1.2(434) and L2(25667R) inclusions are morpho-

logically distinct by phase microscopy. (A to B’) Methanol-fixed inclu-

sions following staining of McCoy cells for MOMP (A and A’) or LPS

(B and B’) at 40 h p.i. (magnification, X600). (C and C") McCoy cell

monolayers were infected at an MOI of 0.3 and viewed live after 40 h
p.i. (magnification, X400). Arrows indicate mature inclusions.

YL

challenged with different IFU. The IDs, of L2(434) was 1 X
10* IFU, whereas the IDs, of L2(25667R) was 4 X 10° IFU, a
400-fold difference. As importantly, mice infected with L.2(434)
shed significantly more infectious organism than did L2(25667R)-
infected mice at all culture-positive periods following challenge
(Fig. 6). Although L2(25667R) mice were culture positive at
days 3 and 7 p.i., the recoverable IFU were 10- to 37-fold less
than those of L.2(434)-infected mice. L2(434)-challenged mice
shed infectious organisms through day 28 p.., whereas

INFECT. IMMUN.

m L2 (434)
o L2 (25667R)

Mean IFU

Days post challenge

FIG. 6. L2(25667R) exhibits a decreased duration of infection
compared to that of L2(434) in a murine model of infection. Shown are
mean recoverable IFU values for culture-positive female C3H/Hel
mice challenged with 107 IFU of strain 1.2(434) or L2(25667R) as
shown in Table 3. The actual mean recoverable IFU values for
L2(25667R) on days 3 and 7 are 68 and 60, respectively. Error bars
represent standard errors of the means.

L2(25667R)-infected mice had resolved infection by day 14 p.i.
These findings provide unambiguous evidence that the cryptic
plasmid plays a critical role in the in vivo pathogenesis of C.
trachomatis infection. They also strongly link the plasmid to the
expression of virulence factors that function in the organism’s
ability to successfully colonize epithelial cells in vivo as well as
in sustaining the infection once it is established. These findings
encouraged us to further investigate the molecular basis for the
plasmid’s role in C. trachomatis pathogenesis. As our only
biological link to these observed differences in in vivo patho-
genesis was the in vitro differential intrainclusion accumulation
of glycogen granules between the strains, we took a molecular
approach in an attempt to define this potentially interesting
relationship.

Glycogen accumulation is associated with gig4 transcript
levels. The genes involved in the glycogen metabolic pathway
of C. trachomatis are shown in Fig. 7 (10, 51, 54). From our
comparative genomic analysis, we knew that none of these
genes differed between the two strains. Therefore, differences
in glycogen accumulation might be a result of transcriptional
differences between the two strains. qRT-PCR was performed
on the five genes of this pathway to determine if there was a
correlation between gene transcript levels and glycogen pro-
duction between strains L2(434) and L2(25667R). We also
analyzed transcript levels of candidate genes involved in the

TABLE 3. Determination of IDs, for L2(434) and L2(25667R) following intravaginal challenge of female C3H/HeJ mice®

No. of culture-positive mice per group at different times postchallenge/total no. of mice for strain:

Challenge dose L2(434) on day:

L2(25667R) on day:

(IFU)

3 7 14 21 28 3 7 14 21 28
107 6/6 6/6 2/6 2/6 1/6 5/6 4/6 0/6 0/6 0/6
100 5/6 5/6 3/6 3/6 3/6 0/6 0/6 0/6 0/6 0/6
10° 5/6 2/6 2/6 0/6 0/6 0/6 1/6 0/6 0/6 0/6
10* 4/6 1/6 0/6 0/6 0/6 0/6 1/6 0/6 0/6 0/6
10° 0/6 0/6 ND ND ND 0/6 0/6 ND ND ND
10? 0/6 0/6 ND ND ND 0/6 0/6 ND ND ND
10! 0/6 0/6 ND ND ND 0/6 0/6 ND ND ND

“ The IDs, was calculated as described in Materials and Methods using infected animals at day 3 postchallenge. ND, not done (cultures were not done on groups
challenged with 10! to 10° IFU that exhibited two successive culture-negative swabs). Days 3, 7, 14, 21, and 28 indicate days postchallenge.
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FIG. 7. Reaction scheme for glycogen metabolism in C. tracho-
matis.
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earlier stages of glycogen biosynthesis, specifically, pgi and
mrsA_1. Gene expression was analyzed for both strains tem-
porally, ranging from 8 to 40 h p.i. Transcripts were normalized
to genome copy number. Figure 8A demonstrates that the
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genome copy numbers for both strains were nearly identical for
each time point p.i. The copy number also closely paralleled
the recoverable IFU for each strain shown in the one-step
growth curves (Fig. 1). The temporal changes in transcript
levels of the glg genes for strains 1.2(434) and L2(25667R) are
shown in Fig. 8B to F. The differential in gigA transcript levels
between the two strains was significant at the 24-h (270-fold),
32-h (167-fold), and 40-h (57-fold) time points p.i. These find-
ings corroborate the findings described previously by Belland
et al. (5), who analyzed the transcriptome of the C. frachomatis
growth cycle and identified glg4 as being a late gene. More-
over, the expression of glgA directly correlates with the pro-
duction and accumulation of glycogen late in the growth cycle
of L.2(434) and, conversely, the lack of glycogen accumulation
by L2(25667R). Minor differences in transcript levels between
the two strains were identified for the other glg genes (Fig. 8C
to F) as well as pgi and mrsA_1 (data not shown). Specifically,
transcript levels between the strains never exceeded a seven-
fold differential for any of the transcripts at the later stages of
infection (=24 h p.i.). We believe that these findings are con-
sistent with the conclusion that glycogen levels, and, hence, its
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FIG. 8. qRT-PCR of glycogen metabolic genes shows a significant difference in glg4 expression between L2(434) and L2(25667R). McCoy cells were
infected with L2(434) or L2(25667R) (MOI of 1.0) and harvested for RNA and DNA at various times p.i. (PI) (A) Genome copy number was determined
using an 7poB-specific primer/probe set and TagMan quantitative PCR. The experiment was performed twice in triplicate. (B to F) Transcript copy
number was determined by TagMan qRT-PCR and normalized to genome copy number (rpoB) in matched DNA samples. gDNA, genomic DNA.
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FIG. 9. Microarray transcriptional analysis of strains L2(434) and L2(25667R) 24 h p.i. (A) Principal-component analysis (PCA) of quantile
normalized data. Each spot represents all C. trachomatis data produced for a single chip, where grouping and separation of replicates and
conditions, respectively, are demonstrated [blue, L2(25667R); red, L2(434); yellow, mock). (B) Artificial array image constructed in GeneSpring
where each spot represents the differential expression of each chlamydial gene, presented in chromosomal order for all 959 ORF represented on
the chip. The vertical scale represents changes in transcript levels of L2(25667R) compared to transcript levels of 1.2(434). (C) Venn diagram
identifying the 29 gene transcripts that passed the statistical and quality tests performed as described in Materials and Methods (signal, signal above
background; call, call consistency; 2X, twofold or higher minimum threshold filter; SAM, significance analysis of microarrays; ttest, Student’s ¢ test).

(D) Chromosomal order of the 29 genes identified above (C).

accumulation in the inclusion, are controlled by the level of
glgA expression. Moreover, the findings support a role for the
C. trachomatis plasmid in regulating glg4 expression.
Transcript levels of multiple chromosomal genes are af-
fected by loss of the cryptic plasmid. Our qRT-PCR demon-
strated that glgA4 transcript levels were affected by the loss of
the cryptic plasmid. We therefore sought to determine whether
other chromosomally encoded genes were similarly affected
through the use of high-density microarrays. We chose to ex-
amine the 24-h p.i. time point, as it was the time point where
the highest differential expression of glg4 was observed and

generally coincides with the highest level of transcription for
the plasmid-carried genes (5). All results presented were ob-
tained from six independent culture replicates of L2(434)-,
L2(25667R)-, and mock-infected McCoy cells. Principal-com-
ponent analysis demonstrated a high degree of replicate grouping
(Fig. 9A). The data from the microarray chips were compiled, and
the differential expression results for each chlamydial gene, in the
form of change [L2(25667R) versus 1.2(434)], is presented in
chromosomal order (Fig. 9B). After quality filters (upper Venn
circles) and multiple statistical algorithms (lower Venn circles)
were applied, only 29 genes passed all test criteria (Fig. 9C). The
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TABLE 4. Genes demonstrating a twofold or greater transcript
differential via microarray analysis”

ORF Gene® Fold change®
pL2-06 Hyp —1,412.96
pL2-07 Hyp —213.72
pL2-02 Hyp —98.83
CTLO0638 Hyp —27.66
pL2-05 Hyp —27.10
CTLO0167 glgA —25.28
pL2-03 dnaB_2 —11.11
CTLO0071 Hyp —9.88
pL2-04 Hyp —9.50
CTL0397 Hyp —9.06
CTL0584 Hyp —5.29¢
CTLO0187 mrsA_2 -5.19
CTLO0828 Hyp —4.81
pL2-08 Hyp —3.89
CTLO0615 dapA —-3.00
CTL0633 pgi -2.93
CTL0432 tauB —2.38
CTL0245 glgB -2.17
CTL0222 Hyp -2.12
CTLO0546 sodM -2.10
CTL0272 Hyp -2.09
CTL0319 gnd -2.03
CTL0618 dapB -2.03
CTL0144 Acetyltransferase —2.02
CTL0795 IpxC —2.00
CTLO0500 glgP -1.97
CTL0762 ndk —1.96
CTL0233 cpa 2.09
CTL0589 Hypothetical transcription 2.47

regulatory protein

“ Gene transcripts passing all statistical and quality tests performed as de-
scribed in Materials and Methods.

® Change in L2(25667R) signal compared to L2(434) signal.

¢ Hyp indicates an ORF encoding a hypothetical protein.

4 Change determined by qRT-PCR, as L2(25667R) signal was not detectable
with GeneChip microarrays.

29 genes that met the criteria are displayed in chromosomal order
(Fig. 9D) and are listed in Table 4. Transcripts with lower statis-
tical significance are listed in Table S2 in the supplemental ma-
terial. Of the 29 most significantly differentially expressed genes,
22 were chromosomally encoded genes, while seven were carried
on the plasmid. CTL0638 and glg4 both exhibited >25-fold-de-
creased expression levels in L.2(25667R)- versus L2(434)-infected
cells, while all other genes exhibited <10-fold-decreased expres-
sion levels. A number of the glycogen metabolic genes, although
not all, were also identified as being differentially regulated
through our microarray analysis. None of the other glycogen
metabolic genes demonstrated differential expression levels com-
parable to those of glg4. Two genes exhibited increased tran-
scripts levels in L2(25667R)- versus L.2(434)-infected cells, spe-
cifically, CTL0233 (cpa) and CTL0589.

To verify our microarray results, 34 qRT-PCR primer and
probe sets (see Table S1 in the supplemental material) were
employed against 34 C. trachomatis mRNAs using the same
24-h p.i. RNA used in our microarray analysis. Seven of the
primer/probe sets targeted transcripts from the glycogen met-
abolic pathway, while 26 were chosen as being in one of two
expression classes: high differential or similar expression levels
between L2(25667R) and 1.2(434). A correlation analysis of
the changes in a subset of transcripts was conducted by com-
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paring the qRT-PCR and microarray signals. Pearson correla-
tion analysis showed high correlation between the two data sets
(P < 0.001) (data not shown). We conclude from these results
that the cryptic C. trachomatis plasmid functions in trans to
regulate the transcription of multiple chromosomal genes that
play an important role in the in vivo pathogenesis of C. tra-
chomatis infection.

DISCUSSION

The strong selection for C. trachomatis isolates to maintain a
7.5-kb cryptic plasmid in vivo has been a compelling argument for
its importance in the pathogenesis of human infection and dis-
ease, yet to date, there has been no experimental evidence to
support this idea. Here, we have undertaken an extensive inves-
tigation of the naturally occurring plasmidless strain C. trachoma-
tis L.2(25667R) to better define its role as a potential virulence
factor. We present evidence suggesting that the plasmid’s biolog-
ical effect on chlamydial pathogenesis is associated with in vivo
infection, which enhances the pathogen’s ability to colonize and
sustain infection in the mouse female genital tract. Furthermore,
we have extended these findings to include novel observations
that support a functional role for the plasmid-dependent regula-
tion of multiple chromosomal genes. We hypothesize that these
genes are virulence factors that are important in C. trachomatis
infection and disease.

How might plasmid-regulated differences in chromosomal
gene expression observed in this work relate to the pathogen-
esis of in vivo infection? Many of the genes identified encode
hypothetical proteins that, in theory, could be critical in estab-
lishing in vivo but not in vitro infection, a situation consistent
with our findings. As there is no practical genetic system for
chlamydiae, it will be difficult to define a functional role for
these genes in virulence. A clue to their function may, however,
be gleaned from our finding that increased glgA transcript
levels are associated with the accumulation of glycogen gran-
ules in the inclusion matrix.

Glycogen accumulation is not unique to C. trachomatis. For
example, Salmonella enterica serotypes (with the exception of
avian-specific variants) also accumulate glycogen. This charac-
teristic has been associated with “niche specialization” (26),
similar to C. trachomatis species-specific glycogen phenotypes
and their respective human host-specific tropisms (17). A role
for glycogen in the pathogenesis of Salmonella infection was
associated with organism survival in tissues rather than colo-
nization or virulence (26). Similarly, C. trachomatis is primarily
an epitheliotropic pathogen that has the propensity to persist
at mucosal surfaces. As such, the mucosa may represent a
nutritionally deprived environment where the ability to accu-
mulate glycogen and utilize it as a carbon source is a distinct
advantage for chlamydial survival or persistence. Alternatively,
glycogen has been proposed to function as a virulence factor in
streptococcal infection, where it is thought to be involved in
the early stages of cell invasion (58). Indeed, surface polysac-
charides have been implicated in C. frachomatis species-spe-
cific binding to epithelial cells (61). Thus, one might hypothe-
size that the granules within the inclusion are an extracellular
source of ligand that can bind to the EB surface and then serve
in the subsequent reinfection or invasion of susceptible host
cells through interactions with its cognate host cell receptor.
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We initially performed qRT-PCR on all genes predicted to
be involved in glycogen metabolism between 1.2(434) and
L2(25667R) and demonstrated that glycogen accumulation in
1L.2(434) directly correlated with a significant increase in the
expression levels of glgA4, a finding consistent with its glycogen-
positive phenotype. These results suggest that the plasmid car-
ries either a positive regulator (inducer) of glg4 transcription
or an inhibitor of an unidentified glg4 repressor (antirepres-
sor). Of the chlamydial genomes sequenced to date, only C.
trachomatis and C. muridarum accumulate glycogen in their
mature inclusions (17). Not surprisingly, C. muridarum exhibits
the highest degree of sequence homology with C. trachomatis
(39). Some of the more distantly related glycogen-negative
chlamydial species either lack a cryptic plasmid (20, 39, 50, 55)
or have maintained a plasmid (3, 36, 40) that is more ancestral
to the C. trachomatis plasmid. Unfortunately, sequence analy-
sis has not revealed a potential plasmid-encoded regulatory
factor specific to C. trachomatis and C. muridarum.

In Escherichia coli, the glycogen metabolic genes are clus-
tered together in two adjacent operons (38), and protein ex-
pression levels are regulated posttranscriptionally by four dif-
ferent loci, cstABCD (14, 44, 53, 60). Conversely, in C.
trachomatis, the glycogen metabolic genes are scattered
throughout the chromosome, and no csr homologs have been
identified (10, 51, 54). It is critical to demonstrate that the C.
trachomatis plasmid genes are involved in chromosomal gene
expression. In an effort to identify the molecular mechanism of
plasmid-associated gene regulation in C. trachomatis, we have
made a chimeric plasmid between pBR322 and the C. tracho-
matis 1.2(434) plasmid that is capable of replicating in E. coli
(data not shown). We plan future surrogate molecular studies
employing the chimeric plasmid in a reporter-based assay to
identify the mechanism of C. frachomatis gigA regulation.

Plasmid control of chromosomally encoded genes would not
be unique to C. trachomatis. Bai et al. (4) recently identified a
protein encoded by the Yersinia pestis-specific plasmid pPCPI
that bound specifically to upstream regions of a number of
chromosomal genes, implicating it as a potential regulatory
factor. In addition, enteropathogenic E. coli (37) and Bacillus
anthracis (6) were shown to have chromosomally encoded
genes that are regulated by plasmid-encoded loci. Bourgogne
et al. (6) further demonstrated that plasmid-mediated regula-
tion elicited changes in the transcript levels of a number of
chromosomal genes, a result analogous to what we observed in
our chlamydial studies. Not surprisingly, those authors found
virulence genes to be differentially regulated in both the E. coli
and B. anthracis plasmid-encoded regulatory mutants.

Our results are in both agreement and disagreement with
those recently reported by O’Connell et al. (30) in their studies
with C. muridarum plasmid-deficient strain CM972. They re-
ported that CM972 produced a small-plaque phenotype whose
infection efficiency for the mouse genital tract did not differ
from that of its plasmid-positive parent (30). Moreover, they
reported that CM972 exhibited no measurable differences in
its ability to ascend and replicate in upper genital tract tissues
compared to the plasmid-containing parental strain. However,
despite its indifferent growth characteristics in the upper gen-
ital tract mucosa, CM972 failed to produce significant patho-
logical changes in this tissue, leading O’Connell et al. (30) to
conclude that the plasmid affected the induction or augmen-
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tation of a damaging innate immune response, the mecha-
nism(s) of which remains undefined. Unfortunately, we could
not measure histopathological responses in this study, as LGV,
despite its ability to colonize and productively infect the genital
mucosa, evokes a very mild and transient acute inflammatory
response that does not result in hydrosalpinx (data not shown).
Thus, the results of these two studies demonstrate significant in
vivo attenuation of plasmidless strains but differ in how atten-
uation is manifested. Our findings support a role for the C.
trachomatis plasmid in both initiating and sustaining infection
of mucosal epithelial cells. A caveat of our work and conclu-
sions is that the mouse is not the natural host of C. trachomatis.
Thus, the differences in our findings and those of O’Connell et
al. (30) might be reflected in this host-pathogen relationship.
As our findings support a role for the C. frachomatis plasmid in
mediating in vivo infection, a more precise definition of its
function in infection and pathogenesis awaits studies in the
nonhuman primate host.
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